Combining and expanding on work from previous publications, a model for the evolution of ultrarelativistic heavy-ion collisions at the CERN SPS for 158 AGeV beam energy is presented. Based on the assumption of thermalization and a parametrization of the space-time expansion of the produced matter, this model is able to describe a large set of observables including hadronic momentum spectra, correlations and abundancies, the emission of real photons, dileptons radiation and the suppression pattern of charmonia. Each of these obervables provides unique capabilities to study the reaction dynamics and taken together they form a strong and consistent picture of the evolving system. Based on the emission of hard photons, we argue that a strongly interacting, hot and dense system with temperatures above 250 MeV has to be created early in the reaction. Such a system is bound to be a quark-gluon plasma, and we find that this assumption is in line with the subsequent evolution of the system that is reflected in other observables.
Introduction
There are convincing arguments from lattice simulations (e.g. [1] ) that QCD undergoes a phase transition at a temperature of about 150 -170 MeV [2] from a confined hadronic phase to a phase where quarks and gluons constitute the relevant degrees of freedom, the quark-gluon plasma (QGP). It is believed that chiral symmetry restoration, associated with the vanishing of the chiral condensate, takes place at about the same temperature.
Experimentally, this prediction can only be tested in ultrarelativistic heavy-ion collisions (URHIC). However, finding evidence (and ultimately proof) for the creation of a quark-gluon plasma faces several difficulties. Arguably the greatest challenge is to link experimental observables to quantities measured on the lattice.
From the experimental point of view, there are several distinct classes of observables, each of them capable of providing specific information about the produced system. The most readily accessible quantities are the momentum distributions (and correlations) of hadrons, commonly discussed in terms of rapidity distributions dN i /dy (with i an index for the particle species), transverse mass spectra 1/m t dN i /dm t with m t = p 2 t + m 2 i and p t the transverse momentum and finally Hanbury-Brown Twiss (HBT) interferometry parameters R out , R side , R long . It turns out that these observables can be well described by assuming an expanding thermal source which can be characterized by its freeze-out temperature T f and longitudinal and transverse expansion (flow) velocities v ⊥ , v z . However, since hadrons are strongly interacting, the properties of the source at the kinetic decoupling of matter do not necessarily reflect properties of the QGP unless kinetic decoupling happens simultaneous to the phase transition from deconfined to hadronic matter. Therefore, in general hadronic momentum spectra can only be used to find indirect evidence for the QGP.
The relative abundancies of different hadron species may be different in this respect: Since thermally averaged inelastic cross sections for most hadrons are much smaller than elastic ones there is some reason to believe that the ratios of hadron abundancies, once fixed at a phase transition, might be preserved throughout the subsequent evolution (up to decay processes) and hence carry information about the conditions at the hadronization point.
On the other hand, electromagnetic observables like photon or dilepton radiation provide quite different information -due to the smallness of the electromagnetic coupling constant, such probes escape essentially unchanged at all times from the dense matter region and potentially provide a direct window on the early evolution phases. Unfortunately, since a detector cannot resolve the timescale of a heavy-ion collision, measurements always reflect a convolution of the space-time evolution of the source with the emission rate. However, there is a hierarchy of momentum scales associated with the passing of proper time in an URHIC: Initial hard scatterings lead to secondary particle production with softer momenta, a thermalized expanding system cools down and therefore by selecting a suitable momentum region one in essence also selects a phase of the evolution.
The breakup of bound cc systems (charmonia Ψ) provides an observable with yet different capabilities:
The survival of such states immersed into hot and dense matter is presumably determined by scattering processes with the surrounding medium and hence by the convolution of the path of the charmonium through the medium with the medium evolution.
For a large set of observables, the evolution of the expanding medium is a key ingredient for the calculation of observables. It is also the place where results from lattice QCD fit in: assuming a thermalized system is created, its evolution is governed by the Equation of State (EoS).
Hence, in order to test lattice QCD predictions about the QGP, one has to start with the assumption that a thermalized system is created and show that this assumption leads to a good description of the experimental data. While this constitutes no proof in itself (for this, one would have to show uniqueness as well) it certainly would be compelling evidence.
It is the purpose of the present paper to show that such a description can be achieved in the case of 158 AGeV Pb-Pb and Pb-Au collisions at the CERN SPS. In the present work, we summarize and expand on the results of [3, 4, 5, 6, 7, 8, 9 ] The outline of the paper is as follows: First, we develop a model framework based on the EoS as seen in lattice QCD simulations. Using eikonal calculations to constrain the initial state and the hadronic momentum spectra and HBT parameters to establish the final state, we parametrize the space-time evolution inbetween in a way that is motivated by more detailed hydrodynamical calculations.
We use this medium evolution to calculate any other observable mentioned above, such as dilepton and photon emission, charmonium suppression and the abundancies of hadron species. In all cases, we find good agreement with the data with the same set of model parameters. We explicitly point out how each observable reflects underlying scales of the evolution and to what degree information from a particular observable constrains alternative evolution scenarios. We conclude by discussing and resolving an apparent mismatch of timescales between the model evolution and HBT measurements.
The fireball model framework 2.1 Expansion and flow
Our fundamental assumption is to treat the fireball matter as thermalized from an initial proper time scale τ 0 until breakup time τ f . For simplicity, we assume a spatially homogeneous distribution of matter. Since some volume elements move with relativistic velocities, it is sensible to choose volumes corresponding to a given proper time τ to calculate thermodynamics, hence the thermodynamic parameters temperature T , entropy density s, pressure p, chemical potentials µ i and energy density ǫ become functions of τ only for such a system. In the following, we refer to τ as the time measured in a frame co-moving with a given volume element.
In order to make use of the information coming from lattice QCD calculations, we proceed by calculating the thermodynamical response to a volume expansion that is parametrized in such a way as to reproduce the experimental information about the flow pattern and HBT correlations as closely as possible.
As a further simplification, we assume the volume to be cylindrically symmetric around the beam (z)-axis. Thus, the volume is characterized by the longitudinal extension L(τ ) and the transverse radius R(τ ) and we find
In order to account for collective flow effects, we boost individual volume elements according to a position-dependent velocity field. For the transverse flow, we make the ansatz
where R rms (τ ) denotes the root mean square radius of the fireball at τ and η rms T (τ ) the transverse rapidity at R rms .
For the longitudinal dynamics, we start with the experimentally measured width of the rapidity interval of observed hadrons 2η front f at breakup. From this, we compute the longitudinal velocity of the fireball front at kinetic freeze-out v front f . We do not require the initial expansion velocity v front 0 to coincide with v front f but instead allow for a longitudinally accelerated expansion. This implies that during the evolution η = η s is not valid (with η s the spacetime rapidity η s = 1/2 ln(t+z)/(t−z)) unlike in the non-accelerated case.
Initially, we characterize all possible trajectories of volume elements by a parameter c such that v In order to match initial and final state, an acceleration term has to be introduced. We assume that the acceleration is driven by the local conditions in and around a volume element (as it would be in hydrodynamic calculations), hence it has to be a function of proper time. To maintain a spatially homogeneous distribution of matter at all times, the acceleration furthermore must correspond to a rescaling of the velocity field, therefore if a z (τ ) is the acceleration acting on the fireball front, the trajectory characterized by c feels the acceleration ca z (τ ). This implies
with
During the evolution, the volume element moves the distance
in the c.m. frame. We solve the set of equations numerically for all values of c for a fixed value of τ in Eq. (3). The resulting pairs (t(c), z(c)) define a curve of constant proper evolution time. We can compute the length of this curve entering the volume formula (1) by using the formula for the invariant volume V = dσ µ u µ with σ µ an element of the freeze-out hypersurface and u µ the four-velocity of matter. It turns out that to good accuracy, volume elements lie on the curve τ = const. = z(c) 2 + t(c) 2 and the flow pattern can be approximated by a linear relationship between rapidity η and spacetime rapidity η s as η(η s ) = η front /η front s η s where η front s is computed on the c = 1 trajectory. In this case, the longitudinal extension in the proper volume formula yields
with η front s (τ ) the spacetime rapidity of the accelerating cylinder front and ζ(τ ) = η front (τ )/η front s (τ ) the mismatch between spacetime rapidity and rapidity introduced by the accelerated motion. This is an approximate generalization of the boost-invariant relation L(τ ) = 2η
front τ which can be derived for non-accelerated motion.
We illustrate these ideas in Fig. 1 Different scenarios for the longitudinal fireball expansion, all tuned to produce the same final rapidity distribution. Shown are rapidity η and spacetime rapidity η s for a standard boost-invariant scenario without long. acceleration (solid), for complete initial stopping and re-expansion (dash-dotted) and and intermediate scenario (dashed). As evident from the figure, significant longitudinal acceleration can induce a substantial mismatch between η and η s .
Parameters of the expansion
In order to proceed, we have to specify the longitudinal acceleration a z (τ ), the initial front velocity v front 0 and the expansion pattern of the radius R(τ ) in proper time.
In principle, one would require a z = ∇p/ǫ. However, our model framework contains a homogeneous distribution of matter, therefore ∇p = 0 everywhere except at the surface of the cylinder. In order to keep this approximation but nevertheless use a more realistic acceleration, we make the additional assumption that in a realistic situation a drop in temperature would leave the shape of the pressure distribution rather unchanged while reducing the overall magnitude. With this assumption, ∇p ∼ c i · p. Therefore, we make the ansatz
which allows a soft point in the EoS where the ratio p/ǫ gets small to influence the acceleration pattern. c z and v front 0 are model parameters governing the longitudinal expansion and fit to data.
Since typically longitudinal expansion is characterized by larger velocities than transverse expansion,
, we treat the radial expansion non-relativistically. We assume that the radius of the cylinder can be written as
The initial radius R 0 is taken from overlap calculations. This leaves a parameter c T determining the strength of transverse acceleration which is also fit to data. The final parameter characterizing the expansion is its endpoint given by τ f , the breakup proper time of the system.
Thermodynamics
We assume that entropy is conserved throughout the thermalized expansion phase. Therefore, we start by fixing the entropy per baryon from the number of produced particles per unit rapidity (see e.g. [10] ). Calculating the number of participant baryons (see [3] ) we find the total entropy S 0 . The entropy density at a given proper time is then determined by s = S 0 /V (τ ).
In order to calculate thermodynamical parameters, we need to specify the EoS. For thermodynamics above the phase transition, good information is available from lattice QCD. We describe the EoS in the partonic phase by a quasiparticle interpretation of lattice data which has been shown to reproduce lattice results both at vanishing baryochemical potential µ B [11] and finite µ B [12] (see these references for details of the model). The quasiparticle model is also used for scaling the EoS from the situation in lattice QCD simulations with quark masses of order ∼ T down to the EoS for physical quark masses.
For a thermalized hot hadronic system near the phase transition, we face the problem that lattice simulations offer little guidance since current computations find, due to the necessity to calculate with large quark masses for numerical reasons, masses of the lightest pseudoscalar around ∼ 0.5 GeV (it has been shown in [13] that a resonance gas model is able to give a good description of the dependence of the energy density on temperature on the lattice, for our model description however we need the entropy density for which a larger dependence on hadron and resonance masses is to be expected). On the other hand, many of the hadronic states which one expects to be relevant close to the phase transition are poorly known and a first principle calculation of the thermodynamics of an interacting hadron gas near this point faces serious difficulties.
We circumvent the problem by calculating thermodynamic properties of the hadron gas at kinetic decoupling where interactions cease to be important and we have reason to expect that an ideal gas will be a good description. Determining the EoS at this point, we choose a smooth interpolation between decopling temperature T f and transition temperature T C to the EoS obtained in the quasiparticle description. This is described in greater detail in [3, 4] .
With the help of the EoS and s(τ ), we are now in a position to compute the parameters p(τ ), ǫ(τ ), T (τ ) as well. Since the ratio p(τ )/ǫ(τ ) appear in the expansion parametrization, we have to solve the model self-consistently.
Solving the model
In order to adjust the model parameters, we compare with data on transverse momentum spectra and HBT correlation measurements. To a first approximation, we assume that all particles are emitted at τ f , thus neglecting emission throughout the expansion. We will justify this approximation a posteriori. In this case, the model is characterized by the emission function
for particle species i where we use
In our approach, we have a transverse profile
We have introduced a new parameter ∆τ allowing for a finite duration of the breakup process instead of instantaneous freeze-out. At the moment, we only require ∆τ ≪ τ f .
The single particle spectrum for particle species i is calculated from this emission function as
HBT correlation radii are obtained using the common Cartesian parametrization
(see e.g. [14, 15] for an overview and further references) for the correlator. Here, K = 1 2 (p 1 + p 2 ) is the averaged momentum of the correlated pair with individual momenta p 1 , p 2 and q = (p 1 − p 2 ) the relative momentum. The transverse correlation radii R out,side follow from the emission function as
with β ⊥ the transverse velocity of the emitted pair,x µ = x µ − x µ and
an average with the emission function.
In [16] , a very similar model is fit to a large set of experimental data, providing different sets of parameters
. Although we have a different (box vs. Gaussian) longitudinal distribution of matter, we use the parameters from this analysis as a guideline for our transverse dynamics where this difference should not show up and determine η front f separately. Specifically, we use the set b1 from [16] for the transverse dynamics.
By requiring R(τ f ) = R f and v front T = v ⊥f (as determined from the fit to HBT data and transverse mass spectra) we can determine the model parameters c T and τ f . Based only on a fit to hadronic observables, we thus find a system which is characterized by a sizeable initial compression of matter with subsequent re-expansion (v
). This has several important consequences: First, any estimate of the initial temperature or total lifetime based on a boost-invatiant expansion (such as the well-known relation
connecting R long with the breakup time [17] ) is bound to fail. Instead, a system undergoing accelerated expansion is initially more strongly compressed (which implies larger initial energy density and temperature) and takes more time to expand to a given volume while arriving at the observed longitudinal flow. Hence, the four-volume of such a system is also larger than in the standard boost-invariant expansion scenario. We will later argue that the difference between the two cases is experimentally accessible by measuring electromagnetic probes.
For the discussion of some observables, we require the fireball evolution for other than 5% central collisions. In this case, we make use of simple scaling arguments based on the initial overlap geometry and the number of collision participants. For a detailed description, see [3, 4, 7] .
Hadronic transverse mass spectra
Since the parameter set used in our model is the result of a fit to HBT data and transverse mass spectra, the model fits the measured transverse mass spectra by construction. The agreement with data is demonstrated in Fig. 3 . The curve labeled b1 corresponds to the parameter set used in our model (figure taken from [16] ).
Note that emission of particles throughout the evolution has been neglected in the choice of the emission function Eq. (9) -we will justify this approximation a posteriori by arguing that the number of pions emitted before the final breakup is small.
Statistical hadronization at the phase boundary
So far, we have not yet made any statement about the composition of thermalized hadronic matter in terms of different hadron species. It turns out that statistical models are extremely successful in describing the measured ratios of different hadron species for a range of collision energies from SIS to RHIC (see e.g. [18, 19, 20, 21] ).
The basic assumption of statistical hadronization is that the particle content of the fireball at the critical temperature T C can be found by considering a system of (non-interacting) hadrons in chemical equilibrium, described by the grand canonical ensemble, which subsequently undergoes decay processes. This grand canonical ensemble is determined by three parameters: temperature T C , baryochemical potential µ B and strange potential µ s . In the present model framework, we can calculate all these parameters from the fireball evolution and calculate hadron ratios parameter-free. In the following, we summarize the results of [6] .
Employing the grand canonical ensemble, we expect the density for each particle species n i to be given by
Here, d i denotes the degeneracy factor of particle species i (spin, isospin, particle / antiparticle), the +(-) sign is used for fermions (bosons) and E i (p) = m 2 i + p 2 . m i stands for the particle's vacuum mass. We use a value of 170 MeV for the critical temperature T C as determined in lattice calculations for two light and one heavy flavours [22] and also used in the fireball evolution model. The chemical potential µ i takes care of conserved baryon number B i and strangeness S i for each species:
We neglect a (small) contribution −µ I3 I 3 i coming from the isospin asymmetry in the colliding nuclei.
The baryochemical potential µ B is then fixed by the requirement that the net number of baryons inside the thermalized region is equal to the number of collision participants N part for known V = V (τ C ).
Similarly, strangeness conservation demands
Thus, the single parameter of the model is the fireball volume V at the phase transition which we determine from the evolution model via
We include all mesons and mesonic resonances up to masses of 1.5 GeV and all baryons and baryonic resonances up to masses of 2 GeV. This amounts to 30 (strange and nonstrange) mesonic states and 36 (nonstrange to multistrange) baryonic states (in addition to spin and isospin degeneracies). In order to compare to experimental results, we calculate their decay into particles which are long-lived as compared to the fireball, such as π, K, η, N, Λ, Σ and Ω.
In order to account for interactions between particles, which at small distances become repulsive, we assume a hard core radius R C of 0.3 fm for all particles and resonances. The corresponding excluded volume
C for all species, is subtracted from the volume obtained in Eq. (20), which in turn affects the total number of produced particles. As the excluded volume itself depends on the total number of particles, we iterate the correction for a self-consistent result. The hard core radius of 0.3 fm for protons is determined by comparison with p-p collisions [24] . In the absence of such information for the other mesons and baryons, we assume its universality.
All data on particles is taken from [23] . For many higher-lying states, the properties as well as the decay channels are poorly known. In these cases, we proceed as follows: If a quantity (e.g. masses and widths) is given only within a certain range, the arithmetic mean of this range is used in the model. Decay channels which are reported to be 'seen' are assumed to receive equal contributions from the branching ratio which is left after all known channels have been accounted for. Branching ratios less than 1% have been neglected. Decay chains (such as a 2 → ρπ → πππ) have been followed through. For resonances with large width, we integrate Eq. (16) over the mass range of the resonance using a Breit-Wigner distribution.
The result (Fig. 4) is in good agreement with the experimental data [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35] .
We do not learn much about the dynamics of the system from this observable: The ratios are (for given phase transition temperature) determined by the volume which in turn determines (via Eq. (18) µ B . We may however infer from this agreement that the phase transition temperature as measured on the lattice is, in combination with the statistical hadronization approach, compatible with the data and that the EoS, via s(T C ), leads to a reasonable volume at the phase transition. Therefore, hadron ratios do not test dynamical features of the model but properties of the EoS.
As an important side remark, decay processes of high-lying resonances created at T C lead to on overpopulation of pion phase space during the evolution in the hadronic phase. We incorporate this effect by allowing for a finite pion chemical potential µ π (τ ) that rises linearly in proper time from 0 at τ = τ C to 110 MeV at τ = τ f (the latter choice ensuring that the fireball model reproduces the experimentally observed amount of pions) [36] . 
Electromagnetic observables
The emission of electromagnetic probes such as photons and dileptons from the fireball evolution model is computed according to the convolution scheme measured rate = emission rate ⊗ fireball evolution ⊗ acceptance (21) While the detector accpetance is straightforward to implement and we have specified the fireball evolution previously, the emission rate represents a new building block which has to be discussed separately.
Dilepton emission
The lepton pair emission rate from a hot domain populated by particles in thermal equilibrium at temperature T is proportional to the imaginary part of the spin-averaged, photon self-energy, with these particles as intermediate states. The thermally excited particles annihilate to yield a time-like virtual photon with four-momentum q which decays subsequently into a lepton-antilepton pair. The differential pair production rate is given by [37] 
where α = e 2 /4π, β = 1/T , u µ the four-velocity of the emitting volume element and we have neglected the lepton masses. We have definedΠ(q) = −Π µ µ /3 and introduce the averaged photon spectral function R(q, T ) = (12π/q 2 ) ImΠ(q, T ). Here Π µ µ denotes the trace over the thermal photon self-energy which is equivalent to the thermal current-current correlation function
where j µ is the electromagnetic current. Eq. (22) is valid to order α in the electromagnetic interaction and to all orders in the strong interaction.
The information about the strong interaction dynamics is now encoded in the spectral function. For its computation, we have to use different techniques for dealing with partonic and hadronic degrees of freedom.
Spectral function in the QGP phase
As long as the thermodynamically active degrees of freedom are quarks and gluons, the timelike photon couples to the continuum of thermally excitedstates and subsequently converts into a charged lepton pair. The calculation of the photon spectral function at the one-loop level is performed using standard thermal field theory methods. The well-known leading-order result for bare quarks and gluons as degrees of freedom is:
where q = (q 0 , q) is the four-momentum of the virtual photon, e f the quark electric charge and m f the quark mass of flavour f . This result, however, is modified by perturbative corrections in g s that take into account collective plasma effects.
We compute these within our quasiparticle description [11, 12] . Here, the degrees of freedom in the partonic phase acquire an effective temperature dependent mass m(T ). Furthermore, the effect of confinement near the phase transition is parametrized by a reduction factor C(T ) multiplying the distribution functions (see references for details).
It is straightforward to insert thermal masses instead of bare quark masses into Eq. 24, but implementing C(T ) requires some more thought.
The mechanism for dilepton production at tree-level is the annihilation of apair into a virtual photon where the quark lines are multiplied by the distributions f D (T ), giving the probability of finding a quark or an antiquark in the hot medium. This also becomes clear when we look at the limit q → 0 of eq. (24) . Then,
and the temperature enters only in the Pauli-blocking of the quarks propagating in the loop. Now, from eq.
Combining the different thermal occupation factors, we end up with the well-known result
so the differential dilepton rate is proportional to the probability of finding a quark q times the probability of finding an antiquarkq with the correct momentum, as anticipated * ) . The incorporation of C(T ) is now obvious: since it reduces the number of thermally active degrees of freedom, it also reduces the dilepton rate by a factor of C(T ) 2 . * ) We neglect a possible chemical potential for the quarks. For a finite µ, the corresponding expression would be
Spectral function in the hadronic phase
Below T C , confinement sets in and the effective degrees of freedom change to colour singlet, boundor(qqq) states. The photon couples now to the lowest-lying 'dipole' excitations of the vacuum, the hadronic J P = 1 − states: the ρ, ω and φ mesons and multi-pion states carrying the same quantum numbers.
There is a considerable uncertainty in the calculation of properties of hadronic matter near the phase boundary. In order to minimize the theoretical uncertainty, we do the calculation in two different ways:
The first approach (referred to as 'chiral model' in the following) is based on [38, 39, 41] : The electromagnetic current-current correlation function can be connected to the currents generated by these mesons using an effective Lagrangian which approximates the SU (3) flavour sector of QCD at low energies. An appropriate model for our purposes is the improved Vector Meson Dominance model combined with chiral dynamics of pions and kaons as described in [40] . Within this model, the following relation between the imaginary part of the irreducible photon self-energy ImΠ and the vector meson self-energies Π V (q) in vacuum is derived:
where m V are the (renormalized) vector meson masses, g 0 V is the γV coupling and g is the vector meson coupling to the pseudoscalar Goldstone bosons π ± , π 0 and K ± , K 0 . Eq. (28) is valid for a virtual photon with vanishing three-momentum q. For finite three-momenta there exist two scalar functionsΠ L and Π T , because the existence of a preferred frame of reference (the heat bath) breaks Lorentz invariance, and one has to properly average over them. However, taking the limit |q| → 0 should be reasonable for our purposes in view of the fact that the c.m. rapidity interval accessible at CERES restricts |q| on average to only a fraction of the vector meson mass m V .
Finite temperature modifications of the vector meson self-energies appearing in eq.(28) are calculated using thermal Feynman rules. The explicit calculations for the ρ-and φ-meson can be found in [38] . The thermal spectral function of the ω-meson is discussed in detail in [39] .
For the evaluation of finite baryon density effects which are relevant at SPS conditions, we use the results discussed in [41] . There it was shown that in the linear density approximation, Π V is related to the vector meson -nucleon scattering amplitude T V N :
with |N being zero-momentum free nucleon states and ρ B the baryon density. In the following, we assume that the temperature-and density dependences of Π V factorize, i.e. we replace Π The method of thermofield dynamics (TFD) [42] is used here to study the "ground state", defined as the state with minimum thermodynamic potential, at finite temperature and density within the mean field model with a quartic scalar self interaction. The temperature and density dependent baryon and sigma masses are also calculated in a self-consistent manner in the formalism. The ansatz functions involved in such an approach are determined through functional minimisation of the thermodynamic potential. The medium modification to the masses of the ω-and ρ-mesons in hot nuclear matter including the quantum correction effects are then calculated in the relativistic random phase approximation. The decay widths for the mesons are calculated from the imaginary part of the self energy using the Cutkosky rule. Details of the calculation can be found in [8] and references therein.
We contrast the resulting spectral functions in both models in Fig. 5 The general trend visible in the spectral functions is similar: Both approaches show a spectral function which is more sensitive to finite density effects than by finite temperature effects. In both approaches, the ρ meson undergoes strong broadening (and in the Mean Field model also a mass shift towards lower masses). For a detailed discussion of the differences, see [8] . When we fold these results with the fireball evolution, we expect details of the differences to be averaged out.
The measured rate
The differential rate of Eq. (22) is integrated over the space-time history of the collision to compare the calculated dilepton rates with the CERES/NA45 data [43] taken in Pb-Au collisions at 160 AGeV (corresponding to a c.m. energy of √ s ∼ 17 AGeV). The CERES experiment is a fixed-target experiment. In the lab frame, the CERES detector covers the limited rapidity interval η = 2.1 − 2.65, i.e. ∆η = 0.55. We integrate the calculated rates over the transverse momentum p T and average over η, given that d 4 p = M p T dM dη dp T dθ. The formula for the space-time-and p-integrated dilepton rates hence becomes
where the function Acc(M, η, p T ) accounts for the experimental acceptance cuts specific to the detector. At the CERES experiment, each electron/positron track is required to have a transverse momentum p T > 0.2 GeV, to fall into the rapidity interval 2.1 < η < 2.65 in the lab frame and to have a pair opening angle Θ ee > 35 mrad. Finally, for comparison with the CERES data, the resulting rate is divided by dN ch /dη, the rapidity density of charged particles.
In addition to the thermal emission of dileptons, we also consider dileptons from vacuum decays of vector mesons after the thermal decoupling of the fireball and hard dileptons from initial Drell-Yan processes. For details of the calculation of these contributions see [3] .
Results
The resulting rate is in fair agreement with the data for both spectral functions (see Fig. 6 ); the Mean Field model seems superior in the description of the invariant mass region below 300 MeV, however the general order of magnitude of dilepton emission is well reproduced by both spectral functions.
To get somewhat more insight into the underlying physics, we convolute the Chiral model result with the finite energy resolution of the detector and indicate the individual contributions to the measured rate separately. This is shown in Fig. 7 (the decomposition for the Mean Field model is very similar):
It turns out that the dominant contribution to the complete rate in the invariant mass region below 1 GeV comes from thermalized hadronic matter, and here by far the strongest contribution from the ρ. For both the Chiral and the Mean Field model calculation, the inclusion of finite baryon density effects (which manifest themselves in N-ρ scattering processes) is crucial for achieving agreement with data [3, 8] . Both calculations take these into account.
QGP contributions are only visible above 1 GeV invariant mass, however here the large errors do not allow any firm conclusion about the magnitude of the QGP contribution. The dilepton measurement at SPS is dominantly sensitive to the in-medium mass modifications of vector mesons. While those are interesting problems in their own right, the dilepton measurement at CERES does not directly help to clarify the question if the quark-gluon plasma has been found.
Nevertheless, we do get some support for our model framework from the dilepton data. The importance of thermal contributions from the hadronic phase indicates that interactions do not cease to be important after the phase transition. Any type of model assuming kinetic freeze-out at the phase transition would have to find a different mechanism of producing the required amount of dilepton radiation below the ρ peak -clearly, the QGP contribution alone is insufficient to explain the dilepton excess over vacuum decay contributions in the invariant mass region below 700 MeV. On the other hand, the fact that both spectral functions we have investigated lie on the upper and lower bound of the errorbars below 0.5 GeV invariant mass indicates that the overall magnitude (dictated by the four-volume of the radiating matter) is of the correct order of magnitude and that the expansion duration in the hadronic phase cannot be significantly less than 7 fm/c.
Photon emission

The emission rate
For the emission rate of direct photons, we use the complete O(α s ) calculation [44, 45, 46, 47, 48, 49, 50] in the form of the parameterization provided in [50] . There, the rate for photons of momentum k is written as
with E = k and m 2 q (T ) = 4πα s T 2 /3 the leading order large momentum limit of the thermal quark mass. The leading log coefficient A(k) reads
Here, the sum runs over active quark flavours and q s denotes the fractional quark charges in units of elementary charge. The Fermi-Dirac distribution f D (E) dominates the momentum dependence of the rate: To a good approximation it decreases exponentially with E. The dependence on the specific photon production process is contained in the term C tot (E/T ):
All these functions C(E/T ) involve non-trivial multidimensional integrals which can only be solved numerically. In [50] , parametrizations for the results are given as
and
Using arguments analoguous to the ones in the case of dilepton emission, we incorporate the effect of the quasiparticle description into this equation (see [5] for details). For the photon emission rate from hadronic matter, we use a parametrization of the rate from a hot hadronic gas taken from [51] which is given as
The emission spectrum
In order to compare to the experimentally measured photon spectrum [52] , we have to integrate Eq. (31) over the space-time evolution of the fireball,
In this expression, ∆η denotes the rapidity interval covered by the detector, η(z) is the rapidity of a volume element at spatial position z and the limits of the k z integration come from the fact that a photon emitted at the (boosted) edge of the fireball has to have a longitudinal momentum in a certain range in order to be detected in the rapidity window of the experiment.
Results
The result of the evaluation of Eq. (37) with the fireball evolution model is shown in Fig. 8 . AGeV Pb-Pb collisions, shown are calculated rate (total, contribution from QGP and hadronic gas) and experimental data [52] . Right panel: The total photon emission spectrum and the integrated rate at proper times τ = 0.2, 0.5, 1.0 and 2 fm/c of the fireball evolution.
The overall agreement with the data is remarkably good. Above 2 GeV, the calculation underestimates the data somewhat, leaving room for a contribution of prompt photons from initial hard processes of about the same magnitude as the thermal yield. Note that the spectrum is almost completely saturated by the QGP contribution -for k t > 3 GeV, the hadronic contribution is almost two orders of magnitude down. This can in essence be traced back to the strong temperature dependence of the emission rate normalization and justifies the approximate treatment of the hadronic contribution a posteriori.
In order to study the importance of the initial, high temperature phase in more detail, we present the time evolution of the spectrum in Fig. 8 , right panel. The high k t tail of the spectrum is potentially capable of providing information about the initial temperature reached immediately after equilibration. This capability is seriously limited in practice, however, by the need to assess an unknown contribution of prompt photons not orininating from thermal sources, which may be large in this region. Bearing this uncertainty in mind, we can nevertheless pursue this idea further in Fig. 9 , left panel, where we investigate the sensitivity of the result to the equilibration time τ 0 of the fireball.
We find that the low k t region of the spectrum is hardly affected by different choices for the equilibration time, while for larger k t one is increasingly sensitive to short evolution timescales. An equilibration time of 0.5 fm/c corresponding to an initial temperature of 370 MeV leads to a good description of the data without the inclusion of any prompt photon contribution. On the other hand, a rather slow equilibration corresponding to τ 0 = 2 fm/c and an initial temperature of 260 MeV requires a sizeable contribution from prompt photons.
Without any reference to prompt photons, we are therefore able to fix τ = 0.5 fm/c as the lower bound for the equilibration time: Shorter timescales would lead to thermal photon emission overshooting the data. If we want to find an upper limit for the equilibration time, we have to address the issue of prompt photon emission. In [5] , we argued that estimates for such a contribution allow to constrain 0.5 fm/c < τ 0 < 3 fm/c.
We may finally use the photon emission rate to test the validity of our fireball model. Tentatively assuming a standard boost-invariant expansion pattern with η front 0 = η front f , we calculate the resulting photon emission. This is shown in Fig. 9 , right panel. The rapid cooling and the consequently short-lived QGP phase for such a scenario lead to a severe disagreement with data that cannot be compensated for any choice of equilibration time above 0.1 fm/c. Any initial state photon emission is bound to fill the larger k t region of the emission spectrum and cannot properly compensate for the reduction of radiating four-volume at moderate temperatures (below 250 MeV) in the boost-invariant scenario.
We conclude that longitudinal compression and re-expansion of matter with all its consequences is essential for the calculated thermal photon yield to be compatible with the data.
Summary for electromagnetic observables
The experimentally observed amount of dileptons and photons points to a strongly interacting, dense system. Assuming thermal equilibrium, the scales of the model evolution extracted from hadronic observables in our model are well in line with the data for both observables, indicating that we presumably see a thermalized system evolving through both a hadronic and a partonic phase.
Due to the large momentum scale, the observed amount of hard photons is a good measure for the initial temperature (or the equilibration time) and the early evolution of the volume. In order to get the right amount of thermal photon emission, initial compression and re-epansion which was already indicated in out fit to hadronic observables has to be taken into account, a standard boost-invariant expansion does not lead to the correct amount of radiation. Our investigation points to a rather small equilibration time of the order of 1 fm/c. A more detailed estimate of this parameter is difficult at present.
The available dilepton data on the other hand mainly measures emission from the hadronic phase due to the fact that the experimentally well-determined invariant mass region is below 1 GeV. Here, testing two different spectral functions leads to the essential finding that in-medium modifications of the ρ for finite baryon density are the dominant source of the dilepton excess over the cocktail below 700 MeV invariant mass. The agreement of the calculation with the data indicates that the emitting four-volume of hadronic matter is about the amount assumed in the evolution model and that a long-lived, thermalized hadronic phase is observed prior to breakup of the fireball.
Charmonium suppression
It is often argued that the breakup of bound cc states immersed into hot and dense matter is a good signal for the creation of a QGP. In the following, we investigate this question within the framework of our fireball evolution model.
In the following, we will refer to J/Ψ and the excited states Ψ ′ and χ c generically as Ψ. Details about the treatment of the excited states can be found in [7] .
Our main assumption in the treatment of charmonium states Ψ in thermalized matter is that charmonia are not thermalized themselves. This is motived by the observation that the mass cale of charm quarks is well above the temperature scale even for the initial evolution phase. The thermal production of cc pairs is therefore negligible and the momentum transfer from produces charm quarks to light constituents of the heat bath is not very efficient.
Based on this assumption, we will treat the formation and breakup of bound charmonia as an offequilibrium process and use kinetic theory to calculate the evolution of the Ψ density.
We will limit the discussion to Ψ dissociation in the QGP phase in the following. Calculating the density of scattering partners in the medium as a function of temperature (Fig. 10) , we find that this quantity is two orders of magnitude smaller than in the QGP phase [7] , hence this treatment is well justified. 
Charmonium production
We start by parametrizing charmonium production in p-p collisions For later use we need the p T spectrum of Ψ at mid-rapidity. In the following we assume a Gaussian form for the p T -dependent part, with width parameter Λ = 1 GeV. The rapidity modulation can be inferred from the relation dσ/dy ∼ x 1 g(x 1 ) x 2 g(x 2 ) where xg(x) ∼ (1 − x) 5 is the gluon distribution in the proton and
For the overall normalization we use the parametrization for the total charmonium production cross section [53] 
where σ 0 = 1.28 µb and n = 12.
We can write the invariant Ψ spectrum in pp collisions as
where the y-dependent part is
while C(s) is chosen to satisfy the constraint dy F (s, y) = 1.
We now consider nuclear effects, starting with the simpler case of proton-nucleus (pA) collisions. It has been shown that the experimental results on charmonium (Ψ) production can be explained using
for the total production cross section. The factor
is the survival probability for Ψ to escape the nucleus without being dissociated. It includes the effective absorption cross section σ abs ψN , a quantity of the order of 3 mb for mid-rapidity Ψs as measured at E lab = 800 GeV at Fermilab, while it amounts to 5 − 7 mb for mid-rapidity Ψs as measured at E lab = 158 − 200 GeV at the SPS. The absorption cross section parametrizes various poorly known effects, with varying importance depending on the collision energy. Among these effects are the presence of color degrees of freedom in the dynamics of colliding nucleons, initial state parton energy loss and coherence length and shadowing effects. A common property of all of the above is the linear dependence on the path length, at least to leading order. Using eq. (42) can therefore be justified, provided a suitable re-scaling and re-interpretation of σ When looking at Ψ production in nucleus-nucleus (AB) collisions, one can estimate the cross section for a given impact parameter by generalizing eq. (41) . Neglecting effects of the medium produced in the collisions (which will be discussed in the following) one obtains
where nuclear effects are included in the suppression function
which has the obvious property S with λ = 0.2 in order to simulate nuclear effects as predicted in [54] .
Kinetic description of Ψ suppression
We describe the suppression of charmonia by using kinetic theory. Neglecting the possibility of charmonium formation in the medium for SPS energies, we can derive the expression [7] 
for the evolution of the rapidity density of charmonia N y Ψ . Here, σ n D denotes the dissociation cross section for collisions with medium constituent n and the sum runs over all possible constituents of the medium. The double brackets indicate average over the momenta of the initial particles, except for the last rapidity integral which is left undone. In other words
where p a and p b indicate Ψ and medium particle n momenta. We insist that leaving the y-integration is important since we intend to compute the value of the final Ψ rapidity distribution at mid-rapidity, and not the whole yield. The medium constituent's density is denoted by ρ n .
We cast the rate equation into the form
where we have explicitly indicated where time dependence appears. The solution to this equation can be written in the form
The ingredients necessary in order to solve this equation are the initial distribution of charmonium discussed in the previous section, the evolution of the medium and the form of the cross sections for dissociation.
The charmonium suppression cross section
We use the result of Bhanot and Peskin [55, 56] 
for the gluon dissociation process of a heavy quarkonium. It is a function of the gluon energy ω in the rest frame of the quarkonium and contains the threshold energy ǫ and the mass scale µ, related to the heavy quark mass. The threshold energy is related to the binding energy ǫ 0 by the condition that
In what follows the binding energy is taken to be ǫ 0 = 780 MeV and the mass parameter is µ c = 1.95 GeV, as chosen in [56] to fit the mass values of the first two levels (J/ψ and ψ ′ ) of the charmonium system. 
Results
Using the elements of the calculation as discussed in the previous sections, we are now in the position of computing observables. This is done as function of the impact parameter b. The result is divided by the number of collisions, which provides the centrality dependence of the Drell-Yan cross section. The normalization is fixed at 50 and the ratio Ψ/DY as function of b is converted into a function of the measured transverse energy with a simplified version of the standard procedure [57] . In fact, here we do not perform the usual convolution with the E T − b correlation function, but scale the mean transverse energy with the b dependence coming from the number of participants as
The quantity ǫ T = 0.297, which represents the amount of produced transverse energy per participant, is used in order to describe correctly the total inelastic (minibum-bias) cross section as function of centrality. In this way we arrive at the results plotted in Fig. (11) . The agreement with data is quite remarkable and the whole result deserves some detailed comments. First of all it is immediately obvious that the curves end at E T ≃ 110 GeV, which corresponds to b = 0. To go beyond this point it is necessary to include effects of fluctuations, which are quite straightforward to address [58] .
The agreement of our curve with the data down to E T = 40 GeV is rather surprising given the fact that we use rather simple scaling laws (see [7] for details) to model the impact parameter dependence of the fireball evolution and that a thermalized description is bound to fail for very peripheral collisions. In [7] , we also argued that suppression from the hadronic medium is negligible -not because such a medium would be fundamentally different but for the simple fact that the density of potential scattering partners is about an order of magnitude lower. We also found that formation of Ψ from unbound cc pairs in the medium is negligible for SPS energies.
The fact that the model is able to describe that data is certainly ressuring, however there are still considerable uncertainties regarding the fate of excited Ψ states, the magnitude of the 'ordinary' nuclear suppression and the magnitude of the production cross section for nucleus-nucleus collisions (for a more detailed discussion see [7] ). Therefore, we refrain from deriving detailed constrains for the model framework from this observable and note only the the calculation suggests that the same initial evolution that is in agreement with photon emission data also agrees well with what seems to be needed for charmonium suppression.
HBT correlation radii
We have argued that hadronic observables suggest a rather long-lived fireball and electromagnetic observables confirm this view. However, experimentally measured HBT correlation radii seem point to quite a different, rather short lived system.
Commonly, simple (often Gaussian) parameterizations of the emission source are used to interpret the experimental information and extract the geometrical (Gaussian) radius of the source R G , its transverse expansion velocity v ⊥ , from the longitudinal correlation radius R long the source lifetime τ f and from R out /R side its emission duration ∆τ . In [59] (discussing HBT measurements of Pb-Pb collisions at SPS), these parameters are found to be R G ≈ 6 fm, τ f ≈ 6 − 8 fm/c, v ⊥ ≈ 0.5c and ∆τ ≈ 2 − 3 fm/c for an assumed temperature at breakup of T f = 120 MeV. These numbers point to a rather rapidly expanding and decaying system.
In contrast, our fireball is characterized by a lifetime O(15) fm/c. This, however, immediately gives rise to the following question: If a thermal source expands for O(15) fm/c, how can it be that its apparent emission duration is only O(2) fm/c?
In order to study this question, we have to modify the emission function Eq. (9).
A modified emission function
In addition to particle emission at the final breakup of the fireball described by (9) , there is also continuous emission of particles throughout the whole lifetime of the system. Such emission is characterized by a freeze-out hypersurface with spacelike normal (see Fig. 12 for an illustration). Figure 12 : A schematic view of the hypersurfaces with spacelike and timelike normal throughout the fireball evolution.
Since the correlation radius R out probes not only the geometrical radius of the source, but also the duration of particle emission (see Eq. (13)), it may well be that such a contribution significantly changes the ratio R out /R side (which is known to be small experimentally) as compared to the use of only the emission function (9) . In order to investigate this question, we consider in addition to (9) also the emission function
which describes the emission of particles with transverse velocity K ⊥ /E K cos(φ) from the fireball surface moving at v ⊥ (with φ the angle between surface and the momentum vector of the emitted particle) at r = R B (τ ) between the space-time rapidity extent of the fireball from +η f (τ ) to −η f (τ ) between initial time τ i and freeze-out time τ f . The factor θ K ⊥ EK cos(φ) − v ⊥ ensures that emission only takes place for particles moving faster than the emission surface and no negative contribution of backward emission are counted.
We assume that the expanding fireball can be described as a hot core'and a (thin) boundary region from which the emission takes place. This region is assumed to be characterized by an average temperature T B . We do not require T B = T f , but leave this as a free parameter, however, we do require that the boundary is characterized by the same pion density as the whole fireball at breakup, which fixes µ B π for given T B . We describe the total particle emission by the sum of both emission throughout lifetime and final breakup as S i (x, k) = S i t (x, k) + S i s (x, k).
Results
Calculating the transverse correlation radii and adjusting the parameters ∆τ (measuring the final breakup duration) and T B (the average temperature of the emissing layer throughout the evolution), we obtain the transverse correlation radii (this is shown in detail in [9] ).
We find that the best description of R side can be achieved by dropping the unphysically sharp cutoff of the box profile G(r) = θ(R box − r) and use instead a Woods-Saxon distribution.
G(r) = 1
The data apparently prefer rather small values of d W S of the order of 0.8 fm. This is reassuring since it gives some justification for the use of a box profile in the previous calculations. Futhermode, we find T B = 155 MeV and ∆τ ≈ 1.5 fm/c, in agreement with our basic assumption that the fireball breakup is a sudden process. The resulting correlation radii are shown in Fig. 13 .
The measurement of R out might indicate that for this particular observable our view of the kinetic decoupling as a momentum-independent process is too simplictic: The agreement is improved by using a momentum dependent freeze-out criterion along the lines suggested in [60] .
In general, we find only a weak senstitvity of R out to the total evolution time of the system τ f . In [9] we argued that this is so because about 90% of the hadrons are not emitted throughout τ f but only during [59] . Left panel: R side in model calculation shown with (solid) and without (dashed) model independent correction terms (see [9] for details). Right panel: R out in the standard freeze-out scenario (long dashed) and using refined scenarios with ∆τ (long dashed) and τ f (dashed) dependent on transverse momentum k t . the (short) final breakup phase ∆τ . This is caused by two different effects: First, the surface area from which emission takes place grows strongly as a function of proper time for an accelerated expansion in both longitudinal and transverse direction. Second, since the emission surface moves outward, emission is actually reduced as compared to a static surface since emission of low momentum particles is cut off.
Thus, the evolution model is able to account well for the measured HBT correlation radii, provided some minor modifications (like the Woods-Saxon distribution) are made. The apparent mismatch between a lifetime of O(15) fm/c and emission time O(1 − 3) fm/c can be explained by the observation that the total emission is dominated by the breakup and hence ∆τ is the timescale entering R out .
Summary
Making the fundamental assumption that a thermalized system is created in 158 AGeV Pb-Pb collisions at SPS, we have analyzed a schematic model based on the thermodynamic response of matter to a volume expansion. This model provides the link between the EoS as measured in lattice QCD and several observables. We have derived essential scales of this model by the requirement that its final state should reproduce the experimentally measured properties of hadron emission.
Various other sets of observables provide unique opportunities to verify these essential scales. Discussing statistical hadronization, we find that the crucial quantity in our approach is given by s(T C ), the entropy density at the phase transition. This quantity is an input from lattice QCD and agrees nicely with the observed hadon ratios.
A calculation of dilepton emission shows that most of the dilepton excess above vacuum decays can be explained by radiation from a thermalized hadron gas. The main contribution here stems from a ρ meson that is strongly broadened by interactions with nucleons. Thus, we find indications for strong interactions even below the phase transition temperature. The total amount of radiating four-volume in our model description is about in agreement with the measured amount of radiation.
In some sense, the measurement of high-momentum photons is complementary: The large momentum scale makes this observable sensitive to the initial state of the collision. Again, we find good agreement with the data and explicitly demonstrate that a standard boost-invariant expansion does not lead to a good description of the data. Therefore, initial compression and subsequent expansion seems a reasonable scenario.
This observation is further strengthened by a calculation of charmonium suppression which we also find to be predominantly sensitive to the initial state. Although uncertainties in the calculation are not small, the agreement with data is certainly reassuring.
Finally, we present a solution to the seemingly puzzling question why a long-lived system as in the model described above shows apparently a very small timescale for emission. We argue that the experimental measurement does not really observe the emission from the system during its lifetime but rather only the final breakup.
In summary, we have presented a thermal description of URHIC at the CERN SPS for 158 AGeV Pb-Pb collisions which is highly consistent and leads to a good description of a large set of different observable quantities. While this does not provide a conclusive proof for the creation of a thermalized system (and hence a QGP), it constitutes certainly strong evidence for it. It remains to be seen if a non-thermal framework is able to provide a similarly successful and consistent description.
